Abstract-We devised a simple method for the separation of serotonin (5HT) and 5-hydroxyindoleacetic acid (5HIAA) using small P-cellulose and DEAE-Sephadex columns, respectively. Both substances were estimated fluorometrically by the reaction with o-phthalaldehyde (OPA). In this method, some known interfering substances in addition to many primary amines and amino acids were separated from 5HT and 5HIAA. The recoveries of 5HT and 5HIAA were 80 and 71 %, respectively. The fluorescence intensities of 30 pmol of 5HT and 15 pmol of 5HIAA were about twice over the reagent blank. The complete separation of 5-hydroxytryptophan (5HTP) from 5HT made it possible to determine 5HTP decarboxylase activity in rat brain areas without using an isotope-labeled substrate.
Abstract-We devised a simple method for the separation of serotonin (5HT) and 5-hydroxyindoleacetic acid (5HIAA) using small P-cellulose and DEAE-Sephadex columns, respectively. Both substances were estimated fluorometrically by the reaction with o-phthalaldehyde (OPA). In this method, some known interfering substances in addition to many primary amines and amino acids were separated from 5HT and 5HIAA. The recoveries of 5HT and 5HIAA were 80 and 71 %, respectively. The fluorescence intensities of 30 pmol of 5HT and 15 pmol of 5HIAA were about twice over the reagent blank. The complete separation of 5-hydroxytryptophan (5HTP) from 5HT made it possible to determine 5HTP decarboxylase activity in rat brain areas without using an isotope-labeled substrate.
The method allows for quantitation of the enzyme activity in mg amounts of the brain tissues. The activities in discrete areas were in good parallel with the 5HT contents, except for the striatum. The levels of 5HIAA were also much in parallel with those of 5HT.
Since the finding that OPA is a potent fluorogenic reagent in the reaction with some indole derivatives (1) , it has been applied to determination of 5HT and 5HIAA in biological materials (2) (3) (4) (5) (6) (7) (8) . Under certain conditions, however, OPA also produces strong fluorophores by reacting with primary amines such as amino acids (9, 10) , histamine (11) , histidine peptides (12) , polyamines (13, 14) , and peptides and proteins (15) (16) (17) . This suggests that the isolation of 5HT or 5HIAA from interfering substances is necessary when OPA is being used for determinations. The method currently used for the determination of 5HT and 5HIAA is based on essentially the same procedures using the organic solvent extraction (2, 4, 6, 7) and the removal of possible interfering substances has not been satisfactory. The fraction of 5HT or 5HIAA obtained by organic solvent extraction probably contains interfering substances, as described by Maickel et al. (2) . Therefore, we examined many possible interfering substances in this study. We have already reported a method for the separation of some biogenic amines and amino acids by chromatography on a P-cellulose column (18, 19) . In the present study, the method was arranged for the rapid separation of 5HT using a small P-cellulose column. 5HIAA in the same sample that was not retained on the column Preparation of P-cellulose and DEAE-Sephadex columns: P-Cellulose (15 g) was allowed
to stand in water and fine particles were discarded by decantation. The exchanger was then washed with 0.1 M NaOH, water, 0.1 M HCI and water (each 500 ml) on a glass filter.
DEAE-Sephadex (10 g) was treated with the same procedure as described for P-cellulose.
Both exchangers were stored in water at 2-4'C until use. After each exchanger was packed into columns (0.6 x 6 cm), the columns were equilibrated with 0.01 M phosphate buffer (pH 6.2). These exchangers were then pooled and used repeatedly by the treatment described above. Since the capacities of these exchangers, especially P-cellulose, varied with different lots and products of different companies, it is necessary to adjust the size of the columns after preliminary examination. The capacity can be estimated roughly by comparing the volume of the buffer that is required to equilibrate the columns. For the equilibration, the P-cellulose column used in the present study required 3 ml of 0.1 M phosphate buffer (pH 6.2) and 10 ml of 0.01 M of the buffer. DEAE-Sephadex column required 10 ml of 0.1 M of the buffer and 10 ml of 0.01 M of the buffer.
Preparation of tissue extract: Rats (Winter, male, 180-220 g) were decapitated (10 12 a.m.), the head was cooled in a dry ice box for about 10 min, then the brain was removed, placed on aluminum foil set on ice and dissected by the procedure of Glowinski and Iversen (20) . The brain obtained in this way was cold, but not frozen, and could be readily removed and dissected. Dissected materials were stored in a dry ice box until use (15-30 min).
The frozen tissues were homogenized in 20 vols. or more icecold 0.4 M HCIO4 containing 2 mM EDTA 2Na. After centrifugation (3000 rpm, 5 min) the supernatant was neutralized to pH 5-6 with 2 M KOH in an ice bath under stirring with a magnetic stirrer* and the precipitate was removed by centrifugation (3000 rpm, 5 min). Separation of 5HT: The neutralized supernatant (not over 5 ml) was applied to a P-cellulose column equilibrated with 0.01 M phosphate buffer (pH 6.2) as described above, then 3 ml of the same buffer was passed through the column. The eluate from the column was used for the determination of 5HIAA, as described below. After the column was washed with 5 ml of the buffer and 1.5 ml of 0.1 M HCI, 5HT was eluted from the column with 4 ml of 0.1 M HCI. A portion (1.5 ml) of the eluate was used for the OPA-reaction.
Separation of 5HIAA : The eluate from the P-cellulose column (not over 8 ml) described above was applied to a DEAE-Sephadex column equilibrated with 0.01 M phosphate buffer (pH 6.2), and the column was washed with 8 ml of the same buffer and 1.5 ml of the mixture of 0.2 M HC1 and methanol (1/1, v/v). Then 5HIAA was eluted from the column with 4 ml of the mixture of HC1 and methanol. A portion (1.5 ml) of the eluate was used for the OPA-reaction.
Estimation of 5HT and 5HIAA by OPA-reaction : Because the presence of cysteine in the OPA-reaction mixture enhances the sensitivity in the assay of 5HIAA (3) and 5HT (6), cysteine was added to the reaction mixture. To each sample (1.5 ml), 2 % cysteine (mono hydrochloride) (0.1 ml), conc. HCl (2 ml) and 0.2% OPA in methanol (0.1 ml) were added in this order and incubation was carried out at 80'C for 10 min. After the reaction mixture was cooled in water, the fluorescence was measured at 355/480 nm.
Assay of 5HTP decarboxylase activity: The cortex and other regions of a rat brain were homogenized 20 ml and 4 ml of 0.02 M phosphate buffer (pH 7.5) containing 0.1 mM pyridoxalphosphate, respectively. The supernatant obtained by centrifugation (20,000 g, 20 min) was used as the enzyme solution. The reaction mixture contained 0.1 M phosphate buffer (pH 7.5) (0.2 ml), 2 mM 5HTP (0.2 ml), 10 mM pargyline (0.1 ml) and the enzyme solution (0.5 ml). The reaction was carried out at 37'C for 30 min and terminated by lowering the pH to 2-3 with 0.1 M H3P04 (0.4 ml). The reaction mixture was diluted twice with water and applied to a P-cellulose column. 5HT formed in the reaction mixture was determined as described above.
RESULTS
Separation of 5HT and 5HIAA: In the original conditions for OPA-reaction (1), cysteine was not included, therefore the specificity of the reaction was re-examined in the presence of cysteine ( Table 1 ). The fluorescence units per mole were essentially the same as shown in the original method. The presence of cysteine enhanced the sensitivity for 5HT and 5HIAA 2-3 fold compared with the original method as reported by Korf and Sikkema (3) and Curzon and Green (6).
The possible contaminants in the 5HT and 5HIAA fractions obtained in the present method were examined by chromatographying authentic substances on the columns of P-cellulose and DEAE-Sephadex (Table 1 ). The results indicate that tryptamine, 5-methoxy tryptamine and a part of noradrenaline and dopamine are included in the 5HT fraction when present in the tissue extract. In these contaminants, however, only 5-methoxytryptamine forms fluorescent product in the OPA-reaction. 5HTP, N-acetyl-5HT and melatonin that form a strong fluorescent product were separated completely from the 5HT fraction. In the 5HIAA fraction, the possible contaminants tested were 3-indoleacetic acid, kynurenic acid, 3-hydroxyanthranilic acid, and xanthurenic acid. None of these contaminants formed fluorescent product in the OPA-reaction. In addition to the substances listed in the table, neutral and basic amino acids were completely removed from 5HT and 5HIAA fractions.
Elution profiles, identification and recoveries of 5HT and 5HIAA: Figure 1 shows the elution profiles of 5HT and 5HIAA in rat brain from P-cellulose and DEAE-Sephadex columns, respectively. The tissue blank was measured following the method of Korf and Sikkema (3). In the rat and mouse brain, the difference between the reagent blank and tissue blank was neglegible. The fluorescence intensities of 20-30 pmol of 5HT and 5HIAA showed 2-3 fold over the reagent blank. The fluorescence spectra of 5HT and 5HIAA
isolated from rat and mouse brains and authentic 5HT and 5HIAA coincided. For estimation of the recoveries of 5HT and 5HIAA, the authentic 5HT and 5HIAA
were added to the rat brain homogenate or the supernatant of the homogenate, and the amounts of both compounds recovered were compared with those of the samples without the addition of both compounds (Table 2 ). These results indicate that the recoveries of both compounds added to the supernatant were satisfactory, however, the recovery of 5HIAA FIG. 1. Elution profiles of 5HT and 5HIAA. The extract of a rat whole brain cor responding to about 400 mg was divided into two equal portions (5 ml). One was used for the estimation of 5HT and 5HIAA (00), and another for the tissue blank (00).
5HT and 5HIAA were eluted from P-cellulose and DEAE-Sephadex columns, respectively. Fractions (1.5 ml) were collected. Control fluorescence intensity was as follows; 0.2 nmol 5HT: 100 (reagent blank: 7), 0.2 nmol 5HIAA: 100 (reagent blank: 5). Contents of 5HT and 5HIAA and 5HTP decarboxylase activities in the various areas of rat brain: The contents of 5HT and 5HIAA and 5HTP decarboxylase activities in rat brain areas obtained by the present method are shown in Table 3 . For comparison, the values for both compounds reported by other investigators are also listed in the table. Our values for both compounds are significantly lower than others. In order to examine the changes of 5HT and 5HIAA after decapitation, the values for the whole brain, homogenized rapidly after decapitation and without dissection (2-3 min after decapitation), were measured and compared with those calculated from the contents of the areas. The values for both whole brains indicate that 5HT decreases slightly while 5HIAA increases to some extent.
Because 5HTP forms a strong fluorescent product in the OPA-reaction (Table 1 ) and is included in the reaction mixture for the assay of 5HTP decarboxylase activity in a large amount (400 nmol), it is necessary to separate 5HT from 5HTP completely for the assay of the enzyme activity. An example of the assay by the present method is also shown in Table 3 . The low blank value shows that 5HTP in the reaction mixture is completely removed from 5HT fraction by P-cellulose column chromatography.
The method allows for quanti tation of the enzyme activity in mg amounts of brain tissues.
Comparing the values determined by the present method in Table 3 , we found that the activities of 5HTP decarboxylase in discrete areas are in good parallel with the 5HT contents, except for the striatum, and that the contents of 5HIAA are also much in parallel with those of 5HT.
DISCUSSION
In addition to many primary amines and amino acids, known interfering substances such as 5HTP, melatonin and N-acetyl-5HT were separated completely from 5HT and 5HIAA by the method described herein. The complete separation of 5HTP from 5HT
made it possible to determine 5HTP decarboxylase activity by determining 5HT formed in the reaction mixture. The data in Table 1 indicate that, among the substances tested, only 5-methoxytryptamine is a possible interfering substance in the determination of 5HT.
Although it is probably present in the brain (5, 22, 23) , the level is much lower than that of 5HT. 5-Methoxyindoleacetic acid that also forms a strong fluorescent product in the OPA-reaction (1) is expected to be present in the 5HIAA fraction obtained by the present method. Considering the low level of 5-methoxytryptamine, however, the level of 5 methoxyindoleacetic acid appears to be also very low in the brain.
As shown in Table 3 , our values for 5HT and 5HIAA are lower than others. The 5HT value for whole brain is similar to that of Fischer and Aprison (24) Table 3 were observed. Therefore, we chose the conditions described in Methods. By this treatment we could obtain lower and constant 5HIAA values, though a minor variation is expected during dissection, as shown for the whole brain in Table 3 . The difference between our values and others seems to be due to factors such as contamination of interfering substances, recovery, species variation and the conditions from decapitation to homogenization.
An interesting observation in the present study is that the levels of 5HT in rat brain areas parallel the activities of 5HTP decarboxylase, except for the striatum. This correlation has also been reported by Saavedra (25) . Further, 5HIAA contents are also in good parallel with those of 5HT. The enzyme activity in the striatum is markedly higher than in other regions, although the 5HT level is similar to levels in the midbrain and P.M.O. Considering that the dopamine level in this region is remarkably higher than in other regions, it appears that the high enzymatic activity in the striatum is related to dopamine synthesis rather than 5HT synthesis, if the same enzyme participates in the synthesis of both amines, although the existence of two different enzymes has not been clarified (26) (27) (28) (29) .
The recovery of 5HIAA in the extraction step with a small volume of 0. (31) . The effect of cysteine on the recovery for 5HIAA was not significant in the present study. We have no explanation for the discrepancy.
The present method could also be applied for the determination of 5HT in periphera tissues (heart, lung, kidney, spleen, thymus, testis and intestine). The values in these tissues (data not shown) were similar to those reported by Fischer and Aprison (24) . However, with respect to 5HIAA, fluorescence spectra from peripheral tissues, except for heart and lung, did not coincide with that of authentic 5HIAA. This appears to be due to the lo\N level of 5HIAA and relatively high tissue blank, i.e., the presence of unknown interferin€ substances. The levels of 5HIAA estimated by the present method were as follows, heart 0.13 nmol/g, lung: 0.64, spleen: <0.3, liver: <0.5 and kidney: <0.3. These values arf remarkably lower than those reported by Anton and Sayre (32) (heart: 1.1, lung: 5.7 anc spleen: 1.5) and similar to those of Fischer and Aprison (24) .
Finally, although sensitive and specific methods using enzymatic-isotopic method foi the determination of 5HT (21) and 5HTP decarboxylase activity (25) have been developed our method is simple and available in many laboratories for the simultaneous determinatior of 5HT and 5HIAA. Further, the method allows for a simple determination of 5HTI decarboxylase activity in mg amounts of brain tissues, without making use of isotope.
labeled 5HTP.
